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1.0  INTRODUCTION 


1.1  Background 

A  general  requirement  exists  to  provide  improved  field  care  after  traumatic  injury  when  evacuation  is 
delayed  as  described  by  Topic  A87-284  in  the  DOD  S3IR  program  solicitation  of  9  January  1987.  This 
topic  asks  for  state-of-the-art  applications  designed  to  stabilize  pathophysiological  processes  after 
traumatic  injury. 

Hypovolemic  shock,  secondary  to  traumatic  exsanguination.  is  the  most  common  cause  of  death  in 
severely  injured  soldiers  as  identified  by  the  Broad  Agency  Announcement  guide  for  the  U.S.  ARMY 
Medical  Research  and  Development  Command  of  August,  1986[1].  Treatment  of  hypovolemic  shock  is 
the  subject  of  this  Phase  (I  program  being  conducted  by  Microwave  Medical  Systems,  Inc(MMS). 

Three  important  factors  for  successful  treatment  of  hypovolemic  shock  include  the  administration  of 
different  iypes  of  fluids,  rapidity  of  infusion  of  these  fluids  and  prevention  of  hypothermia[2-51.  To 
address  the  problem  of  hypothermia  and  Its  associated  coagulopathy  occurring  with  trauma.  Microwave 
Medical  Systems  Inc(MMS)  has  designed  a  device  capable  of  in-iine  he.ating  of  intravencij.~:tV'  huics. 

The  intention  of  this  Phase  !l  program  is  to  develop  a  portable  device  capable  of  in-line  warming  of  blood  or 
intravenous(IV)  fluids  administered  to  trauma  victims  In  an  emergency  facility  close  to  the  battlefield.  The 
design  incorporates  microwave  energy  fcr  heating  and  passive,  ncn-invasive  microv/ave  radiometry  to 
monitor  fluid  temperature  as  shown  in  Figure  1-1.  Unlike  conventional  in-line  warmers,  the  microwave 
cevice  will  not  require  a  heated  water  bath.  The  .vork  completed  in  the  first  year  of  the  Phase  2  program 
demonstrates  the  efficacy  of  the  system  and  the  feasibility  of  configuring  the  system  into  a  small,  porfatie 
unit  that  will  provice  controlled  warming  without  invading  the  normal  infusion  pathway. 


1.1.1  Battlefield  Applications 

The  treatment  of  traumatic  injuries  occurring  in  the  battlefield  often  requires  restoring  normothermia  and 
infusion  of  fluids,  such  as  saline  or  biood,  into  the  patient.  These  two  treatments  are  inter-related  since  the 
transfusion  of  cold  fluids  can  further  aggravate  the  hypothermic  condition  of  the  patient  as  shown  by 
Boyan  et.  al[2].  Adverse  effects  on  body  physiology  from  hypothermia  have  been  identified  by  many 
investigators  including  the  USA  Cold  Regions  Test  Center  in  a  report  on  "Arctic  Personnel  Effects"[6]  and 
nclude  the  following: 

•  Decrease  in  heart  rate,  blood  pressure,  cardiac  output  and  coronary  blood  flow[7-l  0], 

•  Reduction  in  tissue  oxygenation.  As  body  temperature  drops,  the  affinity  of  oxygen  fcr  the 
hemoglobin  molecule  increases.  This  mechanism,  in  turn,  impairs  the  transfer  of  oxygen  ircm 
the  hemoglobin  molecule  to  the  tissue[7,ll]. 

•  Heart  failure  in  the  form  of  ventricular  fibrillation  or  ischemia.  These  conditions  can  result  from 
myocardial  cooling  induced  by  the  infusion  of  cold  fluids  into  the  central  venous  3ystem[7-9]. 

•  Loss  of  effectiveness  of  coagulation[7.9,ll,l2]. 

•  Depressed  hepatic  function[7.121. 

A  1985  clinical  study  by  Slotman  et  al,  showed  that  hypothermia(at  temperatures  less  than  97'^F) 
intraoperatively  is  associated  with  increased  mortality[13].  These  investigators  recommend  aggressive 
rewarming  of  hypothermic  patients. 

The  recognition  of  hypothermia  as  a  serious  threat  to  the  patient  has  led  to  the  introduction  of  standard 
techniques  to  combat  this  condition.  But  these  techniques  are  limited  to  the  emergency  room  or 
operating  room  because  conventional  equipment  to  treat  hypothermia  is  not  portable.  For  mild  cases  of 
hypothermia,  patients  are  usually  warmed  passively  by  apparatus  such  as  warming  blankets  or  heated 
rooms.  For  severe  cases  of  hypothermia  or  for  conditions  involving  hemodynamic  compromise,  patients 
are  actively  warmed  by  methods  that  heat  the  core  circulation[7]  such  as  inhalation  of  warmed  vapor, 
gastric  and/or  peritoneal  lavage  and  warmed,  centrally-administered  IV  fluids. 
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The  Phase  2  program  addresses  the  need  for  an  in-iine  fluid  warmer  that  could  be  used  in  the  field  for  the 
treatment  of  traumatic  injury  and  associated  hypothermia.  A  small,  portable  fluid  warmer  unit  that  is  an 
integral  part  of  the  infusion  path  may  help  reduce  the  high  mortality  rates  associated  with  the  pre-hospital 
support  phase  of  trauma  by  bringing  the  fluid-warming  capability  in  close  proximity  to  the  patient.  An  in-line 
unit  overcomes  the  delay  inherent  with  remote  warming  and  the  cooling  occurring  in  a  cold  environment 
during  transport  of  fluid  heated  at  a  remote  location.  Currently,  in-line  administration  of  warmed  IV  fluids  to 
the  patient  is  accomplished  in  the  operating  room  by  commercially  available  heat  exchangers  which 
incorporate  long  lengths  of  tubing  submersed  in  a  warm  water  bath  for  heat  transfe'.  This  heat  exchange 
instrumentation  is  impractical  for  field  or  ambulance  use  because  it  requires  a  large  circulating  volume  of 
heated  water.  In  addition,  the  long  path  length  of  these  heat  exchangers  presents  increased  problems  cf 
blood  coagulation  or  clotting. 
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Figure  1-1.  Block  Diagram  of  Microwave  IV  Fluid/Blood  Warmer 
with  Radiometric  Temperature  Monitoring. 


RADIOMETER 

TEMPERATURE 

MONITOR 


SYSTEM  COMPONENTS: 

1 )  Microwave  Energy  Source 

This  generator  produces  microwave  power  in  excess  of  400  watts  at  a  frequency  of  2450  MHz  which 
warms  the  water-rich  media  flowing  through  the  heating  cavity. 

2)  Heating  Chamber  +  Cartridge  of  IV  Tubing 

A  cartridge,  consisting  of  a  labyrinth  pathway  of  conventional  IV  tubing  wound  on  a  bobbin,  is 
inserted  into  the  heating  chamber  enclosure.  Within  this  cavity  the  fluid  is  heated  as  it  travels 
through  the  labyrinth  by  the  energy  supplied  from  the  microwave  generator.  The  plastic  tubing 
carrying  the  fluids  is  transparent  to  microwave  energy  at  this  frequency.  Cartridge  design  and 
orientation  is  optimized  for  most  efficient  absorption  of  the  heating  energy  by  the  fluid. 

3)  Radiometer  Temperature  Monitor 

Transducers  measure  microwave  emissivity  associated  with  thermal  activity  of  fluids  at  three  sites 
of  the  circuit:  •  Inlet  Port  of  Heating  Chamber 

•  Intenor  Path  of  Healing  Chamber 

•  Oullel  Port  of  Healing  Chamber 

4)  Feedback  Control  Mechanism 

This  mechanism  regulates  fluid  outlet  temperature  by  controlling  the  power  output. 
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Figure  1-2.  Test  Fixture  used  to  evaiuate  performance  of  Microwave  Blood  and  IV  Fluid  Warmer 

The  Cooling  provided  by  the  Heat  Exchanger  allows  the  fluid  to  be  recycled  in  a  closed 
loop  circuit  when  continuous  heating  by  the  microwave  gencralui  is  de:;ired. 
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1.2  Objectives 

The  goal  of  the  proposed  Phase  2  program  is  to  develop  a  portable  blood  and  intravenous  (iv)  fluid 
warming  system  capable  of  rapid,  uniform,  and  controlled  heating  of  the  fluids,  in-line,  during  the  infusion 
process.  The  system  is  being  developed  using  the  microwave  heating  technique  and  the  radiometric 
temperature  monitoring  technique  successfully  demonstrated  in  the  Phase  1  feasibility  effort.  A  block 
diagram  depicting  this  technique  is  shown  in  Figure  1-1.  The  evaluation  of  the  system  is  being 
accomplished  through  use  of  a  closed  loop  test  circuit  depicted  in  Figure  1-2.  This  test  circuit  can  be 
used  to  heat  iv  fluids  or  blood  on  a  continuous  basis  using  a  warming-cooling  cycle. 

The  development  of  the  Feedback  Conirol  mechanism  is  the  single  most  significant  development  task  of 
this  Phase  2  program  because  it  provides  for  System  Integration  of  the  two  major  subsystems; 

(1)  Microwave  Generator  (energy  delivery) 

(2)  Microwave  'Radiometer  (temperature  momtoing) 

The  design  of  the  engineering  models  for  the  Phase  2  program  will  be  sufficient  to  start  the  final 
production  phase  (Phase  3)  of  the  development  sequence  where  support  components,  sucn  as  the 
sterile  IV  tubing  cartridge,  user  interface,  industrial  design  package  and  portable  power  supply,  will  be 
added. 

In  order  to  make  available  a  final  design  that  is  best  suited  for  current  military  applications,  the  design  work 
done  in  the  Phase  2  program  is  being  performed  in  two  steps; 

(1)  Phase  2A  (yeardt: 

(2)  Phase  23  (yeari*2) 


The  first  year  of  development  work.  Phase  2A,  was  devoted  to  the  development  of  an  engineering  model 
(Engineering  Model  A)  tor  demonstrating  the  primary  design  goal; 

Feedback  control  of  the  energy  delivery  source  using  the  data  sampled 
from  the  inlet  and  outlet  fluid  temperatures  as  inputs  to  the  feedback 
control  mechanism.  The  feedback  control  algorithm  (ALGORITHMS!) 
controls  energy  delivery  as  a  function  of  fluid  temperature  with  a 
constant  flow  rate.  The  major  components  of  Engineering  Model  A  are: 

(1)  Varfable(caarse)  Controlled  Microwave  Energy  Source 

(2)  Heating  Chamber 

(3)  Insertable  Cartridge  of  IV  Tubing 

(4)  Microwave  Radiometry  Temperature  Monitor(iniet&outiet) 

(5)  Feedback  Mechanism:  IBM  PC  Hardware/Software 

(6)  ALGORITHM#1:  Energy  =  function(Temperature) 

During  the  first  year  in-vivo  tests  were  performed  using  baboons  to  evaluate  the  efficacy  of  the  microwave 
blood  warming  technique. 

The  second  year  of  development  work.  Phase  2B,  will  make  available  an  engineering  model 
(Engineering  Model  B)  that  will  demonstrate  the  primary  design  goal: 

System  integration  into  one  package  for  eventual  configuration  as  a 
portable  unit.  The  feedback  control  algorithm  (ALGORITHMS!) 
controls  energy  delivery  as  a  function  of  both  fluid  temperature  and  flow 
rate.  The  major  components  of  Engineering  Model  B  are: 

(1)  Variable(fjne)  Controlled  Microwave  Energy  Source 

(2)  Heating  Chamber 

(3)  Snap-In  Cartridge  of  IV  Tubing 

(4)  Microwave  Radiometry  Temperature  Monitor(in, out, internal) 

(5)  Feedback  Mechanism:  Microprocessor  Hardware/Software 

(6)  ALGORITHM#2:  Energy  =  iundion(Temperalure  and  Flow  Rale) 

During  the  second  year  in-vivo  tests  will  be  continued  to  evaluate  the  efficacy  of  the  microwave  blood 
warming  technique. 
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FIGURE  1-3.  System  Configuration  for  Engineering  Model  A  (Phase  2A) 
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1.2.1  Phase  2A  (Year  #1)  Objectives 

The  objectives  of  the  Phase  2A  program  have  been  as  foilov^-s; 

(1 )  Implement  a  Variable  Power  Mechanism 

•  Use  existing  design  o'  nicrowave  generator  (2.45  GHz  Magnetron) 

•  Develop  solid  state  current  control  circuit  for  varying 
pulse  width  and  duty  cycle  input  to  magnetron 

(2)  Optimize  Design  of  Heating  Chamber  and  "Insertable  Cartridge" 

•  Optimize  interface  to  magnetron  with  regard  to  efficiency  and  size. 

•  Optimize  "cartridge"  design  for  small  profile  and  ease  of  manufacture. 

(3)  Optimize  Design  of  Temperature  Monitoring  Transducers 

•  Optimize  transducer  design  for  small  profile  and  ease  of  manufa.-:ure. 

(4)  Interface  Microwave  Radiometer  for  Temperature  Monitoring 

•  Electrically  isolate  4.7  GHz  radiometer  from  2.45  GHz  microwave  generator(Magnelron) 

•  Reduce  size  of  existing  radiometer  to  a  small  size  unit(1 0"  x  8"  x  2.5") 
by  replacing  commercial  Lock-In  amplifier  with  a  PC  board  design. 

(5)  Implement  Algorithm#1  [Energy  Delivery  =  Functionffluid  temp]  on  IBM  PC 

•  Interface  radiometer  output  to  IBM  PC  input 

•  Interface  IBM  PC  output  to  variable  power  controller  input 

•  Develop  software  for  Algorithm#! 

(6)  Construct  Engineering  Model  A  to  Demonstrate  'Proof  of  Concept'  of  a  Feedback  Control 
Mechanism  for  Energy  Delivery  using  Algorithm#1 

•  Integrate  microwave  generator  with  microwave  radiometer  to  provide 
simultaneous  fluid  warming  and  fluid  temperature  monitoring. 

(7)  Determine  System  Performance  of  Engineering  Model  A  with  a  Saline  Fluid  Flow  Circuit 

•  Verify  radiometric  measurements  with  thermocouple  measurements. 

•  Evaluate  heating  efficiency  at  various  power  levels. 

•  Determine  tim.e  response  of  feedback  control  mechanism  for  changes 
in  fluid  inlet  temperatures. 

(8)  Perform  System  Safety  Testing  with  In-Vitro  anj  In-Vivo  Experiments 

•  Use  existing  test  circuit(Figure  1-2)  for  In-Vitro  experiments. 

•  Examine  differences  in  blood  constituency  between  microwave 
heated  samples  and  control  samples. 

•  Evaluate  cor .  ituency  changes  as  function  of:  flowrate,  power  level,  heating  rate 

(9)  Select  a  Development  Path  for  the  Phase  IIB  Program. 

•  Review  performance  of  the  Phase  IIA  effort  with  the  US  ARMY. 

•  Use  criteria  supplied  by  the  US  ARMY  to  determine  optimal  configuration 
for  military  applications. 


1.2.2  Phase  2A  (Year  #1)  System  Configuration 

The  Phase  2A  effort  has  worked  toward  the  development  of  Engineering  Model  A,  (Figure  1-3) 
consisting  of  five  subsystems:  Microwave  Generator,  Heating  Chamber,  Insertable  Cartridge  of  IV  Tubing, 
Microwave  Radiometric  Temperature  Monitor  and  Feedback  Control  Mechanism  (IBM  PC).  The  interfaces 
that  interconnect  each  of  four  subsystems  are  packaged  outside  of  the  main  subsystem  package. 
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1.2.3  Phase  2B  (Year  #2;  Objectives 

The  objectives  of  the  Phase  2B  program  are  as  follows: 

(1)  Integrate  Vanable  Power  Control  Circuit  with  Microwave  Generator 

•  Provide  electrical  shielding  for  control  circuit 

•  Provide  user  interface  for  switch-seleclaole  power  levels 

(2)  Optimize  Heating  Cavity  Design  fo  Clinical  Use 

•  Integrate  temperature  monitoring  transducers  into  a 
single  package  with  heating  cavity. 

■  Cotimize  "cartridge"  design  for  snap-in  insertion  and  for  Quick 
connect, 'disconnect  to  IV  infusion  circuit. 

(3)  Integrate  Hvbrid  Radiometerf available  from  separate  program)  into  System 

•  Construct  hyorid  radiometer  and  incarcerate  into  system. 

(dt  DevelCp  Algorithm#2[EnerGy  Delive.r-y  =  l-unct:on(f!uic  te-mo,  luio  ‘low  -ate!; 

•  Z  eveiop  software  ‘or  Algorithm, ;;2  on  iEM  PC 

(5;  Develop  Vlic.-oprccessor  Circuitry  lor  Fast.  Stand-Alone  Feedback  Control 

•  Develop  electronic  hardware 

•  implemient  software  ‘or  Algorithm#2  on.  micrcprccesscr 

•  interface  microorocessor  circuitry  with  oower  controller 

(c)  Construct  Engineering  Model  B  to  Demonstrate  'Pmot  oi  Concept'  of  a  -;edback  Control 
Mechanism  for  Energy  Delivery  using  Algorithmt#2 

(7)  Determine  System  Performance  of  Engineering  Model  B  'with  a  Saline  Fluid  'Fiow  Circuit 

•  Verify  radiemerne  .measurements  with  thermocouole  .measurements. 

•  Evaluate  heating  efficiency  at  various  power  levels. 

•  Determine  time  response  of  feedback  control  mechanism  for  changes 
in  fluid  inlet  temoeratures  and  changes  in  flow  rates. 

(8)  Perform  System  Efficacy  Testing  with /n-V/fro  and  In- Vivo  Experiments 

•  Use  existing  test  circuitfFigure  1-2)  for  in-Vitro  experiments. 

•  Examine  differences  in  blood  constituency  between  microwave 
heated  samples  ana  control  samples. 

•  Evaluate  constituency  changes  as  function  of;  flowrate,  power  leve,.  heating  rate 

(9)  Propose  a  Design  to  Pursue  in  Phase  3  for  a  .Portable  Field  Unit, 

•  Incorporate  US  ARMY  design  requirements. 

•  Incorporate  miniaturized  radiometer. 

•  Design  a  po  wer  entry  .module  to  supply  power  to  entire  system 


1.2.4  Phase  2B  (Year  #2)  System  Configuration 

At  the  start  of  the  Phase  2B  effort,  the  system  configuration  will  be  the  same  as  Engineering  Model  A 
and  ready  for  integration  with  a  small  Hybrid  Radiometer.  This  Hybrid  Radiometer  is  being  developed  by 
Microwave  Medical  Systems,  Inc.  in  cooperation  with  M/A-COM,  Inc.  in  a  separate  Phase  2  SBIR  program 
funded  by  the  National  Institutes  of  Health(NIH)('"Ear/y  Detection  of  intravenous  Cytotoxic  Drugs". 
Contract  #  N43-CM-57821)  .  By  the  time  the  Phase  2B  effort  begins,  this  4.7GHz  radiometer 
miniaturized  using  hybrid  circuit  technology  will  be  available  for  integration  into  Engineering  Model  B. 

Once  the  Hybrid  Radiometer  is  integrated  into  Engineering  Model  B,  development  can  continue  with 
the  optimization  of  each  of  the  interfaces  between  the  four  major  subsystems  of  the  device:  Microwave 
Generator,  Heating  Cavity,  Microwave  Radiometric  Temperature  Monitor  and  Feedback  Control 
Mechanism.  Size  reduction  of  the  interfaces  and  improved  isolation  between  the  four  major  subsystems 
will  be  the  primary  goal  of  Phase  2B.  Additional  size  and  cost  reduction  of  the  system  will  be  achieved  by 
incorporating  a  microprocessor  tor  the  feedback  control  mechanism.  The  resultant  system,  Engineering 
Model  B,  for  Phase  2B  will  be  configured  as  sketched  in  Figure  1-4. 
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ENGINEERING  MODEL  B 


•  Feedback  Control  implemented  via  microprocessor 

Algoriihm  ^2 

Power  =  function  ( Fuid  Temperature.  Flow  Rate ) 

•  Temperature  Monitoring  Transducers  and  MUX 
are  integrated  with  Heating  Cavity 

•  Single  Package  for; 

Generator  +  Feedback  Mechanism 

•  Hybrid  Radiometer:  Front-End  +  Back-End 
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FIGURE  1-4.  System  Configuration  for  Engineering  Model  B  (Phase  2B) 
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1.3  System  Requirements 

There  are  three  major  characteristics  required  for  a  system  to  warm  blood  and  IV  fluids  in-line  for  infusion 
into  trauma  victims; 

RAPID 

Rapidity  of  heating  a  cold  fluid  to  normal  body  temperature  is  essential,  since  the  well-being  of 
trauma  patients  depends  on  the  speed  of  treatment.  Infusion  rates  can  range  from  100  ml/min  up 
to  500  ml/min. 

UNIFORM 

"Hot-Spots'  are  often  associated  with  rapid  warming,  particularly  with  warming  of  fluids  using 
conve.nticnal  microwave  ovens.  The  design  of  a  microwave  warming  device  customized  for 
warming  iV  fluids,  in  canicular  blood,  uan  provide  a  heating  pattern  that  is  without  "hot-spots". 

In  studies  investigating  treatment  of  hypothermia  by  infusion  of  warm  fluids  investigators  have 
suggested  "safe"  minimum  and  ma:;imum  temperatures  for  these  fluics.  Several  investigators, 
including  Russeil[l8]  and  the  Finnish  Red  Cross  Blood  Transfusion  Service  headed  'ey 
Linkci19,20],  estimate  that  32''C  'would  be  the  minimum  acceptable  temperature  for  a  blood 
warmer  to  maintain  body  temperature  within  the  "safe"  range.  Additionally,  the  Finnish  group[20], 
found  that  heating  above  46.8''C  caused  hemolysis.  These  critical  temperatures  are  guidelines  to 
be  used  in  the  design  of  in-line  blocd/IV  fluid  'warmers. 

CONTROLLED 

In  order  to  provide  warm  fluid  to  the  patient  at  a  constant  temperature,  tne  rate  of  -warming  must  be 
controlled  as  a  .unction  of  the  flov/  rate  and  temperature  of  the  cool  fluic  entering  the  system. 

Here,  the  accuracy  of  maintaining  a  constant  temperature  of  the  fluid  to  be  administered  to  the 
patient  depends  on  the  sensitivity  and  response  time  of  the  sensors! or  transducers)  detecting 
temperature  at  va.'ious  points  in  the  flow  circuit  and  the  ability  to  use  the  sensor  information 
efficiently  in  a  feedback  control  loop.  An  additional  requirement  is  that  in  order  to  maintain  the 
sterility  of  the  IV  circuit,  the  sensors  must  be  non-invasive.  A  technique  that  satisfies  all  of  these 
requirements  is  microwave  radiometry,  which  has  been  used  in  the  past  by  Microwave  Medical 
Systems,  Inc.(MMS)  to  measure  thermal  activity  passively  and  nen-invasively  in  biological 
tissues[24-28].  For  this  application,  radiometric  transducers  can  be  incorporated  into  the  feedback 
control  loop  to  monitor  temperatures  at  various  points  in  the  flow  circuit. 


1.3.1  System  Testing 

In  order  to  demonstrate  and  evaluate  the  performance  of  the  microwave  fluid  warming  system  regarding  the 
above  three  requirements,  a  test  fixture(Figure  1-2)  has  been  assembled  and  used  in  this  Phase  2  study 
to  measure  the  following: 

0  Heating  Capacity  of  Energy  Source 

Measurement  of  the  temperature  elevation  of  various  fluids  flowing 
through  the  system  at  specified  flow  rates. 

0  Effectiveness  of  Radiometric  Monitoring  of  Temperature 

Sensitivity  and  response  time  of  the  radiometry  system  and  transducers 
to  detect  the  change  in  temperature  of  fluids  flowing  the  circuit. 

0  Efficacy  of  Blood  Warming 

Constituency  of  collected  samples  of  blood  warmed  by  the  microwave 
heating  device  as  compared  to  control(unheated)  samples. 
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2.0  DISCUSSION 


2.1  Development  of  Heating  Chamber 

The  heating  chamber  is  a  waveguide  cavity  enclosure  designed  to  transfer  the  microwave  power  from 
the  microwave  generator  to  the  pathway  of  fluid  in  the  IV  tubing  cartridge.  The  heating  chamber  is 
designed  to  operate  at  a  center  frequency  of  2.45  GHz  when  the  fluid-filled  cartridge  is  in  place  inside  the 
heating  chamber. 

Dimensional  optimizations  were  made  on  the  most  recent  design  of  the  heating  chamber.  The  previous 
design  incorporated  two  inductive  tuning  posts  which  were  located  between  the  coaxial  launch  into  the 
cavity  and  the  back  wall  of  the  cavity.  These  tuning  posts  were  eliminated,  without  compromise  of 
spectral  performance,  with  a  dimensional  modification  of  the  cavity  length,  as  seen  in  Figure  2-1.  The 
heating  chamber  is  coaxially  coupled  therefore  it  is  able  to  be  connected  to  the  microwave  generator  via 
a  stationary  50  Ohm  coaxial  connector  or  a  high  pcwer  flexible  50  Ohm  coaxial  cable.  Engineering 
Model  A,  shown  in  Figure  6-1,  disclays  the  new  reduced  size  heating  chamber  connected  with  a  ser  es 
of  coaxial  type  "N"  connector  adapters. 


2.2  Development  of  Snap-In  Cartridge 

The  configuration  of  IV  tubing  wound  around  the  cartridge  which  is  inserted  into  the  heating  chamce.’'  .nas 
been  designed  tc  allow  the  most  efficient  uniform  absorption  of  the  microwave  energy.  We  have 
achieved  a  design  that  contains  a  short  length  of  only  18"  of  IV  tubing  wound  around  a  cailridge  tc  oe 
inserted  into  the  heating  chamber.  This  short  length  of  tubing  assures ''hat  the  blood  will  be  exposed  c 
only  a  minimal  amount  of  additional  tubing  in  addition  to  the  normal  IV  path  length.  The  improvement  in 
design  is  depicted  in  the  sketches  of  Figure  2-2  where  the  original  bobbin  (used  in  the  Phase 
program),  containing  approximately  70"  of  IV  tubing,  has  been  replaced  by  the  ootimized  cartndce 
containing  18"  of  IV  tubing. 

The  cartridge  is  fabricated  from  Teflon  and  is  press-fit  into  an  aluminum  cap  which  is  mated  to  the  tco 
side  of  the  heating  chamber  when  the  cartridge  is  inserted.  The  cartridge  has  been  shown  to 
accommodate  at  least  two  types  of  IV  tubing  without  any  degradation  in  heating  performance, tfcur 
windings  of  0.1"  I.D.x  0.130"  O.D.  PVC  tubing  or  three  windings  of  0.12"  I.D.x  0.19"  O.D.  Silicone  tubing). 


2.3  Development  of  Variable  Power  Control 

Several  control  mechanisms  have  been  designed,  fabricated  and  tested  for  controlling  the  magnetron, 
which  generates  the  microwave  power,  such  that  the  output  power  is  a  linear  function  of  the  contrci 
voltage.  This  control  voltage  is  supplied  by  the  feedback  control  mechanism,  in  this  case  a 
software/hardware  interface  on  the  IBM  PC. 

Power  control  using  an  auto-transformer  was  initially  implemented  to  provide  a  variable  60  Hz  AC  voltage 
to  the  primary  of  the  high  voltage  transformer  which  controls  the  magnetron.  Linear  power  control  was 
achieved  with  this  method,  however,  the  physical  size  and  weight  of  such  an  auto-transformer  made  this 
method  prohibitive. 

In  order  to  reduce  the  size  and  weight  of  the  power  control  mechanism,  a  solid-state  digital-timing  power 
control  circuit  was  designed  and  tested.  This  circuit  uses  a  digitally  controlled  optically  coupled  Triac,  a 
thyristor  device,  which  acts  as  a  switch  to  allow  conduction  of  full  60  Hz  cycles  for  a  percentage  of  a  10 
cycle  period  (approximately  167  milliseconds).  For  example,  3  cycles  on  and  7  cycles  off  corresponds  to 
a  30%  power  level.  This  circuit  controls  the  voltage  to  the  primary  of  the  high  voltage  transformer  while  a 
separate  filament  transformer  maintains  constant  current.  A  timing  diagram  of  this  10-level  power  control 
is  shown  in  Figure  2*3. 
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Bobbin  with  vertically  wound 

labyrinth  of  IV  Tubing  Bobbin  has  4  turns  of  IV  tubing 

for  optimized  performance  (total  length  =  18") 
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FIGURE  2-1.  HEATING  CHAMBER:  Optimized  Configuration 

Bobbin  &  Tuning  Configurations  within  Heating  Chamber 
designed  to  optimize  performance. 

Length  ot  l.v.  tubing  in  bobbin  is  approximately  id" 


Flow  Flow 
Inlet  Outlet 


I  t 


SIDE  VIEW 

(a) 


(b) 


Figure  2-2  (a).  Bobbin  with  Spiral 
of  IV  Tubing: 

-12  turns  of  IV  tubing 
(I.D.  =  0.10",  O.D.  =  0.14") 

-Total  length  of  tubing  =  70" 

(b)  Bobbin  End-Cap 
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i  f 


0  5 " 


SIDE  VIEW 

(c) 


b 


END  VIEW 
(d) 


Figure  2-2  (c).  Cartridge  with 
Vertical  Windings  of  IV  Tubing: 

-4  turns  of  IV  tubing 
(I.D.  =  0.10",  O.D.  =  0.14") 

-Total  length  of  tubing  =  18" 

(d)  Cartridge  End-Cap 
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Figure  2-3 


Timing  Diagram  for  10-Level  Power  Control 
Circuit  used  with  Engineering  Model  A. 
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Currently,  the  power  control  circuit  is  fabricated  on  a  large  prototype  board  with  its  own  internal  power 
supply  (10"x  6.5"x  3").  The  small  enclosure  mounted  on  the  I.V.  stand  of  Engineering  Model  A  seen  in 
Figure  6-1,  houses  this  prototype  board  with  the  power  control  circuit.  This  circuit  is  shown  in  Figure  2- 
4,  and  can  easily  be  reduced  onto  a  small  circuit  board  and  packaged  into  the  microwave  generator 
enclosure,  (the  larger  enclosure  mounted  on  the  I.V.  stand  of  Figure  6-1). 

Experimental  results  of  this  method  of  power  control  revealed  that  output  power  is  linear  with  the 
controlling  voltage.  The  calculated  output  temperature  variations  for  flow  rates  ranging  from  0  to  500 
ml/min  using  10-level  power  control  of  the  400  Watt  microwave  generator  is  displayed  in  Table  la.  To 
achieve  finer  control  of  output  power  to  further  reduce  the  temperature  variations  over  a  wide  range  of 
flow  rates  ana  .AT's,  a  power  control  circuit  with  finer  control  will  be  developed  in  year  #2  of  this  Phase  2 
program. 


2.4  Development  of  Temperature  Monitor 

During  year  #1,  a  radiometer  developed  in  a  separate  program  using  hybrid  microwave  circuit 
components  was  used  in  Engineering  Model  A  of  this  Phase  2  Program.  The  completed  packaged 
hybrid  radiometer  is  shown  in  Figure  2-5.  This  unit  has  the  capability  of  either  monitoring  the  absolute 
temperature  sensed  by  a  single  transducer  (antenna),  or  the  differential  temperature  sensed  betv/een 
two  transducers.  In  the  differential  mode,  the  differential  temperature  between  the  inlet  and  output  ports 
of  the  system  can  be  monitored  on  a  continuous  basis.  Optimization  of  the  individual  temperature¬ 
sensing  transcucers  for  the  inlet  and  outlet  fluid  ports  has  been  completed  in  year  #l  of  this  Phase  2 
Program. 

Transducers  tor  in-line  measuring  of  emissivity  associated  with  thermal  activity  of  fluids  at  the  inlet  and 
outlet  ports  of  the  heating  chamber  have  been  designed  and  integrated  into  Engineering  Model  A. 
These  transcucers  receive  thermal  emissions  at  a  center  frequency  oT  4.7  GHz  and  send  a  temperature 
equivalent  signal  to  the  microwave  Radiometer  for  feedback  control  of  the  power  delivered  to  the  heating 
chamber.  The  transducer  has  been  redesigned  for  size  reduction  to  accommodate  two  such  elements 
in  a  single  package  with  a  third  transducer  for  inside  cavity  temperature  measurement. 

The  new  transducer  for  in-line  temperature  monitoring  has  been  reduced  to  approximately  one-third  the 
size  of  the  previous  transducer  used  in  the  Phase  I  Program,  as  seen  in  Figure  2-6.  To  ensure  the 
isolation  of  interference  with  the  microwave  generator,  small  shielding  tubes  are  placed  at  the  input  and 
output  of  the  transducer.  Receiving  performance  of  these  rad'ometric  transducers  demonstrates  a  1 0  dB 
bandwidth  of  250  MHz  as  measured  on  the  Wiltron  560  Scalar  Network  Analyzer.  The  output  response 
times  of  the  Radiometer  with  changing  output  temperature  of  fluid  flowing  through  the  transducer  can  be 
adjusted  in  Engineering  Model  A.  to  obtain  the  optimum  response  time  trade-offs  with  resolvable 
temperature  change. 

Although  we  have  been  successful  in  electromagnetically  isolating  the  radiometric  temperature 
monitoring  subsystem  from  the  interference  of  the  microwave  energy  source  for  the  inlet  and  outlet 
transducers,  isolation  for  the  transducer  internal  to  the  heating  chamber  remains  a  problem.  This  task 
will  be  continued  into  the  second  year  of  development.  An  alternative  approach  for  monitoring  the 
temperature  of  the  fluid  inside  the  heating  chamber  is  being  researched.  This  alternative  method 
involves  monitoring  the  reflected  power  from  the  heating  chamber,  to  take  advantage  the  change  in 
reflected  power  occurring  when  the  temperature  of  the  fluid  changes.  This  technique  has  been  used 
successfully  by  Microwave  Medical  Systems,  Inc.  on  other  applications  and  this  technique  is  worthy  of 
merit  here.  This  approach  will  be  researched  during  the  next  quartci . 
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Figure  2-4.  10-Level  Power  Control  Circuit  wired  on  an 
Engineering  Prototype  Board  which  is  enclosed  and 
mounted  on  the  l.V.  Stand  used  for  Engineering  Mode!  A. 
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FIGURE  2-5(a)  MINIATURIZED  BACK-END  OF  RADIOMETRIC 
extravasation  DETECTION  (RXD)  SYSTEM 
ACTUAL  SIZE  IS  :  7.5"  x  4.5"  x  2.3" 

NOTE:  Size  of  miniaturized  Front-End  (not  pictured)  is:  4"  x  2"  x  I" 


FIGURE  2-5  (b)  BOTTOM  VIEW  OF  CIRCUITRY  WITHIN  RADIOMETER 

Amplifier  Stage.  Bandpass  Filter.  Square  Law  Detector.  Lock-In  Amplifier 
Synchronization  Clock,  Alarm  Detection  and  Indicator  Mechanism,  Power  Supply 
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Figure  2-6.  Reduced  size  temperature  transducer  used  to 
monitor  inlet  and  outlet  fluid  temperatures  for  feedback  control 
of  Engineering  Model  A.  Shown  with  previous  design  which  is 
three  times  the  size. 
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2.5  Development  of  Feedback  Control 

A  real-time  control  software  and  hardware  system  system  has  been  implemented  on  the  IBM  PC  and  setup 
so  that  it  can  be  interfaced  to  the  radiometer  for  temperature  input  ano  to  the  the  power  control  circuit  tor 
output  of  a  control  voltage.  The  software/hardware  interface  uses  a  commercially  available  interface  care 
(Data  Translation  Model  DT2808)  with  on-board  Analog-to-Digital  Converters  (ADC's)  and  Digital-to-Anaiog- 
Converters  (DAC’s)  that  plugs  into  the  backplane  of  the  IBM  PC. 

Software  has  been  written  in  the  C  Language  for  real-time  operation  and  monitoring  of  the  variable  power 
module  and  temperature  sensing  module  of  Engineering  Model  A.  The  software  consists  of  approximately 
50  pages  of  source  code  and  a  run-time  module  which  occupies  305  KBytes  of  memory.  Features  m  this 
software  package  include:  (1)  A  menu  providing  for  user  selection  of  operating  parameters  anc  system 
control  is  shown  in  Figure  2-8:  (2)  A  graphic  display  of  all  inputs  and  outputs  during  real-tim.e  system 
operation  as  shown  in  Figures  2-7  and  6-2:  and  (3)  Facilities  for  easy  manipulation  of  algorithm  changes. 

Algorithm  #1  has  been  implemented  in  software  on  the  IBM  PC.  This  algonthm  is  based  on  ccntrciiing  the 
power  as  a  function  of  fluid  iniet  temperature.  The  cutlet  temperature, To.  of  the  fluid  re.mains  constant  her 
changes  in  inlet  temperature.  Ti,  by  varying  the  power  level  sueplieo  to  ‘.he  heating  .snamcer  This 
algorithm  provides  a  classic  PID  control  of  the  power  output  in  response  to  the  iniei  anc  cuilet 
temperatures.  In  addition  a  user-friendly,  graohic  interface  has  been  implemented  for  on-line,  "vsi-'ime 
operation  of  the  system.  Parameters  such  as  flow  rate,  fluid  type  (saline  or  blood)  and  cesirej  outlet 
temperature  can  be  easily  entered  by  the  user  The  graphic  screen  output  is  displayed  in  reai-time  and 
allows  the  user  to  observe  the  inlet  temperature,  outlet  temperature  and  power  outcut  as  moniicred  and 
controlled  oy  the  system  in  real-time. 

Figure  2-7  shows  the  PID  response  of  the  aigenthm  when  a  simulated  square  wave  signal  for  the  outlet 
temperature  is  presented  to  the  input  of  the  system.  In  this  figure  the  target  temperature  :s  25'C.  With  the 
square  v/ave  outlet  temperature  varying  between  33.S'-'C  and  36.2'^C  we  see  that  the  respor.se  of  the 
control  signal  for  the  output  power  is  the  expected  triangular  wave  response,  characteristic  of  a  classic  FID 
feedback  control  algorithm.  A  display  of  actual  inputs  and  outputs  during  a  fluio  warming  trial  is  shown  in 
Figure  6-2. 


2.6  System  Integration 

The  single  most  significant  task  of  year#l  of  this  Phase  2  program  has  been  accomplished:  The  in-line 
fluid  temperature  measurement  module  has  been  linked  together  with  the  fluid  warmiing  miodule  via  a 
feedback  control  mechanism  resulting  in  a  functional  system  (Engineering  Model  Ai.  The  feedback 
algorithm  has  been  successfully  implemented  on  an  IBM  PC  computer  which  interfaces  to  both  the 
temperature  measurement  module  and  the  fluid  warming  (or  power  delivery)  module. 

Figure  6-1  shows  a  photograph  of  Engineering  Modei  A  in  its  final  configuration  for  year#l  of  this  Phase 
2  program.  These  major  components  of  Engineering  Model  A  (not  including  the  IBM  PC  Computer)  are 
packaged  in  5  distinct  packages  and  interconnected  to  form  a  functional  unit  as  follows: 


ITEM 

DESCRIPTION 

SIZE  lin  inches! 

(1) 

Energy  Source  Module 

5.3  X  9.5  X  f  7 

(2) 

Power  Control  Module 

5.3  X  7.5  X  f2 

(3) 

Radiometric  Temperature  Monitor  Module 

(partf) 

2.3  X  4.5  X  7.5 

{part2) 

f.O  X  2.0  X  4.0 

(4) 

Heating  Chamber 

2.5  X  4,5  X  5.3 

(5) 

Cartridge(insertable  into  heating  chamber) 

1.0  X  f  3  X  2.5 

For  Engineering  Model  A,  the  five  modules  listed  above  are  mounted  on  an  IV  stand  and  connected  to  an 
IBM  PC  Computer.  This  system  is  capable  of  controlling  the  outlet  temperature  of  the  fluid  to  less  than 
±1 .5'’C  of  the  target  temperature  when  fluid  is  flowing  at  200  ml/min.  This  performance  level  demonstrates 
a  proof  of  concept  of  the  closed  loop  technique  and  will  be  refined  to  give  finer  control  (rf  C)  in  year#2. 
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FIGURE  2-7.  Actual  Output(on  IBM  PC  graphics  display)  from  Engineering  Model  A  illusliaiing  Reipoiise  of  Feedback  Alijorithm. 


FIGURE  2-3b.  Example  of  Selecting  Function  (6)  for  Setting  Constants  in  Feedback  Algorithm 
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The  IBM  PC  computer  is  used  to  monitor  the  operation  of  Engineering  Model  A  via  a  real-time  graphics 
display  that  monitors  all  of  the  system  input  and  output  signals  during  operation.  Figure  6-2  shows  the 
response  of  the  algorithm  during  actual  system  operation  of  Engineering  Model  A.  The  signal  for  the 
inlet  and  outlet  temperature  as  measured  by  the  in-line  temperature  transducers  through  the  radiometer, 
is  presented  to  the  input  of  the  feedback  system  .  In  this  figure  the  target  temperature  is  35"C  and  the 
starting  conditions  are  such  that  the  inlet  and  outlet  temperatures  are  just  below  10‘"C  when  the  output 
power  is  at  a  maximum  level.  As  the  outlet  temperature  increases,  the  output  power  remains  at  the 
maximum  level  until  the  outlet  temperature  increases  to  a  level  just  above  the  target  temperature  of  35’C. 
Once  this  occurs,  the  output  power  decreases  to  permit  the  outlet  temperature  to  slightly  decrease.  Once 
the  temperature  has  dropped  just  below  the  target  temperature  of  35°C  the  output  power  increases  to 
maintain  the  target  temperature.  These  oscillations  around  the  target  temperature  are  determined  by  the 
system  performance  of  Engineering  Model  A.  which  is  determined  by  a  terror  value  around  the  ideal  AT. 
This  error  term  is  directly  related  to  the  amount  of  available  power  levels,  therefore  acquisition  of  target 
temperature  is  within  ±1  .S'^C  for  a  fluid  flow  rate  of  200  ml/min,  and  will  be  improved  to  give  finer  control 
in  year  #2.  The  initial  overshoot  of  the  target  temperature  as  seen  in  Figure  6-2,  is  due  to  the  feedback 
system  response  which  can  be  selected  to  perform  optimally  in  year  #2  of  this  Phase  2  Program. 
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3.1  List  of  Quarterly  Reports 

Progress  for  each  of  the  four  quarters  of  the  first  year  of  this  Phase  2  program  has  been  reported  in 
quarterly  reports  submitted  at  the  end  of  each  quarter  to  the  following  address:  Commander,  Letterman 
Army  Institute  of  Research,  Attn:  SGRD-ULZ-RCD/Ms.  McHenry.  Presidio  of  San  Francisco  CA  94129- 
6815. 


The  content  of  these  quarterly  reports  is  summarized  can  be  summarized  as  follows: 


Quarterly  Report  #1 

Time  Period  Covered: 
Date  Submitted: 
Content: 


1 -Dec-88  to28-Feb-89 
15-Mar-89 

Description  cl:  (1)  Preparing  Existing  Devices  and  Equipment  for 
Use  in  Phase  2  ,  (2)  Building  Radiometer  '.vith  existing  design  and 
parts.  (3)  Developing  interface  from  lE.Vl  PC  to  Power  Controi 
Module  ,  (4)  Developing  Intenace  rrom  IBM  FC  to  Temperature 
Monitor  Module  . 


Quarterly  Report  #2 

Time  Period  Covered: 
Date  Submitted: 
Content: 


1 -Mar-39  :o3l-May-3S 
t5-Jun-39 

Description  of:  (i;  Completion  of  the  Radicmetric  Receiver  :or 
Use  in  Temperature  Measurement.  '2)  Cptimizing  the  IV  Tubing 
Path  within  the  Canridge.  (3)  Planning  in-Vivo  Experiments  (41 
Initiating  work  on  the  Feedback  Control  Algorithm  (5)  Initiating 
Fabrication  of  Engineering  Model  #A. 


Quarterly  Report  #3 

Time  Period  Covered: 
Date  Submitted: 
Content: 


t-Jun-89  to  31 -Aug-89 
15-Sep-89 

Description  of:  (1)  Start  of  tn-Vivo  Experiments(Description  of 
preliminary  results) ,  (2)  Implementing  the  Feedback  Algorithm  on 
the  IBM  PC,  (3)  Evaluating  Power  Control  Methods  for  Power 
Module  . 


Quarterly  Report  #4 

Time  Period  Covered:  1 -Sep-89  to  30-Nov-89 
Date  Submitted:  l5-Dec-89 

Content;  Description  of  (1)  Linking  together  of  the  Variable  Control  Power 

Module  with  the  Temperature  Monitoring  Module  with  a 
Feedback  Control  Mechanism  as  provided  by  an  IBM  PC 
computer,  (2)  Completion  of  the  In-vivo  animal  experiments. 

Only  a  brief  synopsis  of  the  above  two  activities  are  given  in  the 
Fourth  Quarterly  report:  an  in-depth  report  of  these  two  activities 
is  given  here  in  the  annual  report  of  year#l . 


3.2  Presentations 

In  addition  to  the  quarterly  reports  listed  above,  a  presentation  of  the  microwave  technology  involved  in 
the  fabrication  of  Engineering  Model  A  and  a  review  of  the  in-vivo  testing  techniques  was  given  on 
October  26,  1989  to  Captain  Stephen  P.  Bruttig  of  the  Letterman  Army  Institute  of  Research. 
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4.1  Review  of  Milestones  for  Year#1 

The  task  schedule  and  list  of  milestones  for  year#1  is  presented  in  Chart  #1.  The  work  performed 
during  year#1  has  resulted  in  the  successtui  completion  of  Engineering  Model  A  as  shown  in  Figure 
1-3,  with  the  exception  of  the  monitoring  transducer  for  the  temperature  of  the  fluid  internal  to  the 
heating  chamber  (temperature  monitoring  at  the  inlet  and  outlet  ports  of  the  heating  chamber  is  tul'y 
operational).  In-vivo  testing  of  the  microwave  technique  using  animals(babocns)  has  been  successfully 
completed  during  year#l,  A  brief  in-vitro  test  involving  warming  whole  blood  withdrawn  from  human 
volunteers  has  been  rescheduled  to  year#2. 

Demonstration  of  the  two  Main  Modules  of  this  System  (Variable  Power  Control  Module  and  Temperature 
Monitoring  Module)  were  given  on  October  26,  1989  during  a  site  visit  by  Captain  Stephen  P.  Bruttig  o: 
the  Letterman  Army  Institute  of  Research.  Subsequent  to  this  site  visit,  these  two  mam  Modules  were 
integrated  into  single  system:  Engineering  Mode!  A  with  a  functional  closed-loop  leedbacK 
mechanism.  Engineering  Model  A  is  a  functional  system  that  demonstrates  the  capabilities  of  Mu: : 
warming  and  fluid  temcerature  monitoring  using  microwave  technology.  The  feedbac.k  control  mechanism 
implemented  here  is  capable  of  regulating  the  cutlet  temperature  of  fluid  heated  by  the  system  to  a 
tolerance  of  ±1 .5’C  at  a  typical  flow  rate  of  200  ml/min. 

As  shown  in  Chart#"  all  tasks  have  been  completed  with  the  excection  of  Task  #A3  and  Task  #A13. 

■  Task#A8  relates  to  the  monitoring  of  the  fluid  temcerature  internal  to  the  heating 
chamber.  The  efforts  on  this  task  year#l  proved  that  the  temperature  internal  to  :he 
ceating  chamber  could  be  monitored  successfully  when  the  power  to  the  heating 
chamber  was  off.  With  the  power  on.  more  isolation  between  the  Microwave  Energy 
3ource(2.45  GHz)  and  the  Radiometric  Temperature  Monitor(4.7GHz)  is  required  to 
achieve  accurate  temperature  measurement.  This  task  7.1111  be  completed  in  year#2  of 
the  Phase  2  program  by  incorporating  more  isolation,  or,  if  unsuccessful,  by 
incorporating  a  different  approach  using  reflected  power  measurement  from  the 
heating  chamber. 

•  Task#A15  relates  to  the  in-vivo  and  in-vitro  testing  of  the  microwave  technique. 
The  most  significant  portion  of  this  task,  the  in-vivo  testing  using  animals  has  been 
completed.  Experiments  involving  the  in-vitro  testing  of  fresh  whole  blood  drawn 
from  human  volunteers  has  been  moved  to  year#2  because  of  the  delay  in  obtaining 
approval  from  the  Human  Investigational  Review  Board  at  New  England  Medical 
Center, 


4.2  List  of  Milestones  for  Year#2 

The  task  schedule  and  list  of  milestones  for  year#2  is  presented  in  Chart  #2.  The  expected  result  of  this 
effort  will  be  the  development  and  fabrication  of  Engineering  Model  B  as  shown  in  Figure  1-4. 
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MILESTONE  CHART  FOR  PHASE  2A  (ycar;>n  of  MICROWAVE  3LOOD  iV  FLUID  WARMER 


MONTHS 


ID# 

[at 

[kh 

[aT] 

dT] 

dU 

dm 

[A7 


TASK 


Prepare  Device  & 
Equipment  for  Phase  11 


0  complete 


0  complete 


>  complete 


dm 

dH 

dm 

dm 

dm 

dm 

dm 

dm 

dm 

dm 

dm 


VARIABLE  POWER:  |  | 

(Develop  high  current  control  circuit) 


VARIABLE  POWER:  | 

(Interface  control  ckt  to  IBM  PC) 

VARIABLE  POWER:  | 

(Interface  control  ckt  to  Magnetron) 

HEATING  CAVITY: 

Prepare  existing  design 


HEATING  CAVITY; 

Optimize  "Disposable  Cartridge" 


TEMPERATURE  MONITORING; 
Optimize  Inlet/Outlet  Transducers 


TEMPERATURE  MONITORING. 
Optimize  ’’Internar’  Trarsouccr 


MICROWAVE  RADIOMETER:  . 

Isolate  Radiometer  from  Generator 


MICROWAVE  RADIOMETER:  !a . . . . ...A 

Build  Radiometer  for  dedicated  use(wilh  Hybrid  Front-End) 


rev  O.-i  ; 


. \ 

J.-i 


rev  3.5 


Complete 


! 

complete 


;•/  complete 


■3V  ..z  non:  "uec 

!,n 


i  . 


9v  0.5  •>  complete 


MICROWAVE  RADIOMETER: 
Interface  Radiometer  to  IB 


FEEDBACK  CONTROL: 

Oevelop/Implemcnt  Algorithm  #1  on  IBM  PC 


ENGINEERING  MODEL  A: 
System  Integration 


ENGINEERING  MODEL  A: 

System  Performance  Characterization 


ENGINEERING  MODEL  A: 
System  Safety  Testing 


SYSTEM  PERFORMANCE  ANALYSIS 
(Statistical  Analysis) 

Determine  Specific 
000  Requirements 

DEMONSTRATE  Engineering  Model  a| 
to  US  ARMY 

FINAL  REPORT  lor 
for  Phase  HA  (year  #1) 


■NOTr,  Existing  rad.on~e:er  ..sec  n  yrs’,  dedicatee  un;t  will  oe  cuiit  n  ys2 


in*vtvo  (animal)  'esl 

I A . . 


>  complete 


0  complete 


•  .\  - 


•  A 


rev  O  SjO  compjete 
m-vitrofhuman)  test 


0  in-vivo  tests 
complete 


•>  NOTE; 

rev  0,6  in-vit'o  test 
moved  ‘0  yf»2 


0  complete 


discussed  t0'‘26'89 


demonstrated  tO  26  39 


0  complete 


CHART  1.  MILESTONE  CHART  FOR  PHASE  2A  (yearAI)  ol  MICROWAVE  BLOOD  IV  FLUID  WARMER 


28 


VOG^iCa!:Cn  No, 
Arn-ai  ^eocr  No  * 


MMS.  Inc 
rev  0.6 
15-NOV-89 

ID#  _ T  ASK 


MILESTONE  CHART  FOR  PHASE  HB  {yeaf#2)  of  MICROWAVE  BLOOP/IV  FLUID  WARMER 


MONTHS 


I  B1  I  HYBRID  RADIOMETER 

(Integrate  into  System) 


I  B2  I  HEATING  CAVITY: 

(Integrate  Temperature  Transducers) 


I  B3|  HEATING  CAVITY: 

(Configure  "Snap-In*  Cartridge) 


1  B4  i  MICROWAVE  GENERATOR:  |  ; 

(Incorporate  Heating  Cavity  Interface) 

I  ! 

I  B5  I  MICRCWAVE  GENERATOR:  j  .i- 

(Incorporate  Variable  Power  Level  Control) 


I  a  s  I  RADIOMETER:  M . a 

(Improve  Isolation)  |  jp.ev  0.6 


. A 

rev  0.6 


l  az  (  RADIOMETER: 

(Improve  MUX  Switching) 


I  88  1  FEEDBACK  CONTROL:  !  i 

( Oevetop/Implement  Algorithm  on  IBM  PC'. 


|B9|  MICROPROCESSOR  DEVELOPMENT: 


(Develop  Hardware) 


I 


la'ld  MICROPROCESSOR  DEVELOPMENT: 
(Develop  Software)  I 


|Bn|  ENGINEERING  MODEL  3: 

System  Packaging 

!B1  a  ENGINEERING  MODEL  B: 

System  Performance  Characterization 


tst  Revision  Ot  .JOroCBSSOr 

A . \ 


[B1  31  ENGINEERING  MODEL  A:  | 

System  Efficacy  Testino 


jB  1  4|  DEMONSTRATE  Engineering  Model  b| 
to  US  ARMY 


|B1  j  FINAL  REPORT  lor 

for  Phase  MB  (year  #2) 


A  •  -  •  . . A 

rev  0.6 
human  vo(.  study 
moved  from  yr#f 


3  I  10  I  II 

incoroorate  new  -ev  '’aa:omt!{e'’ 

^ . \ 

'ev  C.5 


12  I  13 


'ev  0.6 


t 


i 


2no  Revistor  oi  jcrccesscr 

A . . . ^  i 

rev  0.6  I 


m-vitro  ana  in*vivo  ’esting 


CHART  2.  MILESTONE  CHART  FOR  PHASE  2B  (year#2)  of  MICROWAVE  BLOODHV  FLUID  WARMER 
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5.0  TESTING  METHODS 


5.1  Microwave  Characteristics  of  Heating  Cavity 

This  waveguide  cavity  enclosure  is  designed  to  transfer  the  microwave  power  from  the  microwave 
generator  to  the  pathway  of  fluid  in  the  IV  tubing  cartridge.  The  heating  chamber  is  designed  to  operate 
at  a  center  frequency  of  2.45  GHz  with  a  15  dB  bandwidth  of  approximately  200  MHz  when  the  fluid  filled 
IV  tubing  cartridge  is  '.r.serted.  Return  loss  data  taken  with  a  Wiltron  Model  560  Scalar  Network  Analyzer, 
shown  in  Figure  5-la,  verifies  that  approximately  97%  of  the  microwave  power  is  transferred  to  the  l.V 
fluid  as  it  flows  through  the  heating  chamber.  The  wide  cavity  bandwidth.  200  MHz.  is  necessary  to 
ensure  that  the  full  amount  of  available  power  will  be  coupled  into  the  heating  chamber.  The  output  power 
spectrum  of  the  microwave  generator  taken  from  an  HP  8562A  Spectrum  Analyzer,  shown  m  Figure  5- 
1b.  indicates  that  the  available  power  is  spread  over  approximately  100MHz  and  is  centered  at  2.456 
GHz,  which  is  well  within  the  200  MHz  heating  chamber  15  dB  bandwidth. 


5.2  Heating  Capacity  of  System 

Figure  5-2.  shows  the  system  power  recuirements  for  flow  rates  frcm  25  to  500  ml.  'nin  These  vaiues 
were  determined  as  follows: 


P  =  (k  p  c  AT)(Q/60) 


Eq.  (5-1) 


where: 

P  -  Power  in  Warts,  1  watt  =  i  Jouie.'sec 

k  =  4,184  Joules/calcrie 

p  -  1  gm/ml  for  water,  =  1.05  gm/mi  ror  blood 

c  1  cal/gm'"C  for  water,  =  0.93  calgm^C  for  blood 

AT  =  Temperature  difference  in  -C  ;  AT  =  Toutput '  1'input 

Q  =  Volumetric  flow  rate  in  ml/min 


The  microwave  power  generator  used  in  Engineering  Model  A,  has  400  Watts  of  available  power  with  10% 
power  levels  ranging  from  0  to  100%.  Table  la,  displays  for  each  flow  rate  (25  to  500  ml/min),  the  ideal 
power  level,  the  available  power  level,  and  the  power  error  (ideal  power  -  available  power).  This  Perror  'S 
converted  into  a  Terror  by  using  the  above  Equation  5-1  and  is  shown  in  Table  lb.  The  cAvg.  AT 
error  for  each  given  flow  rate  is  displayed  in  the  column  to  the  far  right  of  Table  lb  The  Tgrror  is 
subtracted  from  the  ideal  value  of  AT.  and  the  output  results  are  displayed  at  the  bottom  of  Table  lb 

For  example; 

•  In  Table  la,  at  a  desired  AT  of  33  X  and  a  flow  rate  of  175  ml/min,  the  ideal  power  needed  is 
402.7  Watts, 

•  The  available  power  with  the  1 0-level  power  control  is  400  Watts. 

•  Therefore,  the  Perror  equals  (402.7  -  400)  which  is  a  difference  of  +2.7  Watts, 

•  The  Perror  is  converted  to  a  Terror  of  +0.2X  ,  and  then  the  ±Avg.  ATgrror  is  calculated 
for  all  AT’s  at  flow  rate  =  175  mi/min  to  be  0.8'C.  as  seen  at  the  top  of  Table  lb  and 
graphically  displayed  in  Figure  5-4. 

•  The  actual  temperature  change  can  then  be  calculated  as  follows:  33  C  -  0  2  C  =  32  3  C. 
Each  column  corresponding  to  a  AT  in  the  range  of  T^C  to  34  C  is  separately  tabulated  to 
attain  a  ATmax,  ATmin,  and  ±Avg. Terror- 

Figure  5-3  shows  a  graphical  display  of  the  ±Avg.Terror  as  a  function  of  the  ideal  (desired)  AT  in  this 
figure,  the  x-axis  is  ideal  temperature  change  desired,  and  on  the  y-axis  the  ±Avg. Terror 
corresponding  to  the  actual  output  temperature  change.  The  ATmax  and  ATmin  values  are  plotted 
about  the  ideal  AT  in  Figure  5-5. 
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Figure  5-1  a.  Return  Loss  Data  of  Heating  Chamber  showing 
15  dB  Bandwidth  of  200  MHz  (x-axis  =  100  MHz/division  ;  y- 
axis  =  5  dB/division)  . 


iX>o%  20S 


Figure  5-1  b.  Frequency  Spectrum  Data  of  Microwave 
Generator  output  showing  power  concentration  bandwidth  of 
100  MHz  (x-axis  =  90  MHz/division;  y-axis  =  10  dB/division). 
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Figure  5-2.  Graphical  Representation  of  Ideal  Power  Values 


Average  T-error  (‘"C)  AT  i  Avg.  Error  (“C) 


Average  Temperature  Error  as  a  Function  of  Temperature;^;^;;^ 


Taken  from  Error  Results  in  Table  1b. 


ATideal  [-C) 

Figure  5-3.  Graphical  Average  Error  Results 


Average  Temperatue  Error  as  a  function  of  Flow  Rate 

Taken  from  Avg.T  error  Results  in  Table  1b. 
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Figure  5-4.  Graphical  Average  Error  Results 


ATmax  &  ATmin  Calculated  Error  Data 

Taken  from  Error  Results  in  Table  1b. 


a  .9  o 

E  E  P 
I —  I —  I — 

<l  <l  <] 


Conirac!  No  DAMCl7-37-C  '2’^ 
Modfiicaiion  No  P90003 
Annual  Report  No  t 


(Oo)  SJOJje  UjUllV  ‘XBLUIV 


34 


Figure  5-5.  Graphical  Max.  &  Min.  Error  Results 
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5.3  Temperature  Monitoring  and  Response  Time 

Table  2  shows  a  summary  of  data  taken  with  different  integration  time  confjtants  on  the  Radiometer 
output.  The  experimental  setup  consisted  of  two  I.V.  fluid  bags  hung  from  the  !.V.  Stand  of  Engineering 
Model  A.  one  bag  was  at  room  temperature  of  23.0''C  while  the  other  bag  was  warmea  n  a  temiperature 
controlled  oven  to  28.0°C.  The  two  bags  were  connected  with  I.V.  tubing  to  the  two  inlets  of  a  3-way 
stopcock,  while  the  output  o'  the  stopcock  was  fed  through  the  temperature  monitoring  transducer  with 
Silicone  tubing  (0.12"I.D.  x  0.19"O.D.)  which  was  connected  to  the  Radiometer.  The  fluid  from  the  room 
temperature  bag  was  allowed  to  flow  with  gravity  (280  ml/min),  and  the  radiometric  output  record  was 
initiated.  After  approximately  3  seconds,  the  stopcock  was  turned  to  allow  the  flow  of  the  warm  fluid, 
30.0°C,  througn  the  transducer  and  the  radiometric  output  response  was  recorded  on  a  HP7046B  X-Y 
Recorder. 

The  response  time  of  the  Radiometer  for  eacn  time  constant  setting  is  the  duration  of  time  to  reach  90°'.-  of 
the  final  steady-state  output  value,  in  this  case  corresponding  to  30  ''C.  The  resolution  of  fhe  naciQm.;ier 
is  then  established  as  follows: 

•  Calculated  from  outDut  data:  AVoitage.'"' ‘C  =  92  millivolts  "  C 

•  Measured  from  oufput  data;  Peak  to  peak  noise  voltage  for  each 
integration  time  constant  setting  as  shown  in  Table  2. 

•  Resolution  =  (Signal  Noise)  ^  (92mV/i  "C) 

For  example  an  integration  tim.e  constant  set  to  0.5  seconds  'as 
Engineering  Model  A),  yields  an  output  signal  noise  of  30  mV,  iherercre 
Resolution  canoe  calculated:  (30  mV)  (92mV-r  C' =  0,3  C 

Thus,  the  criteria  for  resolution  is  that  the  minimum  discernible  signal  is  equal  to  that  signal  which  ;s  :us: 
above  the  signal  noise  such  that,  the  highest  peaks  of  the  noise  are  at  the  same  level  as  the  lowest  peaks 
of  the  signal.  With  the  data  of  Table  2.  the  maximum  amoun‘  of  fluid  (I.V.  or  blood)  that  could  pass 
through  the  outlet  temperature  transducer  in  the  event  of  misus  i.  before  system  shut-down  occurs,  orn 
be  calculated  as  follows  for  any  given  flow  rate: 

Example:  Flow  =  250  ml/min  =  4.2  ml/second 

Time  Constant  internally  set  to  O.i  seconds 
Response  Time  =  0.4  seconds  (see  Table  2.) 

Resolution  =  0.9  seconds  (see  Table  2.) 

(4,2  milliliters/s)  x  (0.4  seconds)  =  1.7  milliliters 

NOTE:  A  Volume  of  1.7  mi  which  occupies  approximately  ten  inches  of  I.V.  tubing 

The  data  in  Table  2,  shows  that  the  non-invasive  radiometric  technique  can  track  changes  in  temperature 
very  rapidly.  A  resolution  approaching  0.2  -C  can  be  achieved  with  a  response  time  of  2.3  seconds.  This 
is  suitable  for  fine  measurement  of  temperature.  For  coarse,  extremely  rapid  measurement  of 
temperature,  a  response  time  of  0.4  seconds  can  be  achieved  with  a  resolution  of  0.9°C.  These  fast 
response  rates  are  essential  to  provide  an  effective  feedback  mechanism  for  controlling  energy  supplied 
to  the  heating  chamber,  while  the  finer  resolution  is  needed  to  maintain  constant  outlet  temperatures. 
The  Radiometer  is  equipped  to  handle  both  these  requirements  with  two  separate  outputs  which  may  be 
individually  selected  to  provide  quick  response  times  coupled  with  fine  resolution  of  outlet  temperature. 
Optimization  of  response  time  and  resolution  with  the  operation  of  the  digital  feedback  control  system  will 
be  performed  in  year  #2  o<  this  Pha<5e  2  Program. 
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5.4  In-Vivo  Testing  Protocol 

In-Vivo  animal  experiments  were  conducted  by  the  Surgical  Research 
Laboratories,  Department  of  Surgery  at  New  England  Medical  Center  in  Boston, 
Massachusetts. 

The  aim  of  these  experiments  was  to  determine  whether  microwave  heating  of 
blood  using  a  prototype  blood  warming  device  results  in  an  abnormal  decrease  in 
survival  of  the  cellular  elements  of  fresh  blood  in  a  primate  model  (baboon)  when 
compared  to  blood  warmed  in  a  water  bath. 

Experimental  Protocol: 

Three  adult  male  baboons  were  usee  fer  these  studies.  Eacn  haocen 
underwent  an  experiment  in  whicn  a  sampie  of  fresh  biood  containing  raoic  aoelec 
cells  was  subjected  to  microwave  heating  from  approximately  4-6"C  to  37"C  during 
injection  through  the  prototype  device  at  a  flow  rate  of  250ml/minute.  A  similar  control 
experimeni  in  which  warming  in  a  water  bath  replaced  microwave  heating  followed  for 
each  baboon  at  a  time  when  all  cell-associated  radioactivity  had  returned  tc  caseline 
levels. 


Under  general  anesthesia  (pentobarbital  iV),  f'esh  blood  was  drawn  Tom  the 
baboon  and  anticoagulated  with  ACD.  The  white  blood  cells  (WBC),  platelets  and  red 
blood  cells  (RBC)  were  separated  according  to  established  procedures.  Technetium- 
99m,  Indium-125,  and  Chromium-51  were  used  to  label  the  separated  WBCs,  platelets 
and  RBCs  respectively.  Iodine-125  labeled  fibrinogen  was  also  prepared  and 
following  the  radiolabeling  procedure,  the  separated  cells  were  pooled  together.  The 
blood  sample  containing  the  labeled  cells  was  cooled  to  4°C  and  then  warmed  to 
*  37°C  using  either  microwave  heating  or  a  water  bath  for  "uWave  Heated"  and 
"Control"  experiments  respectively. 

Estimation  of  Cell  Survival: 

1ml  blood  samples  were  drawn  at  intervals  for  28  days  following  re-injection  of 
the  radiolabeled  blood.  Gamma  activity  associated  with  each  separate  radioisotope 
circulating  was  quantified  by  altering  the  window  on  the  gamma  counter.  This  enabled 
simultaneous  measurement  of  the  different  cell-associated  radioisotopes  present  in 
each  1ml  blood  sample.  Gamma  counts  were  corrected  mathematically  for  natural 
decay.  Cell  survivals  were  expressed  as  a  percentage  of  the  total  gamma  counts 
injected.  Summarized  results  are  presented  in  tabular  and  graphic  form. 


5.5  In-Vivo  Testing  Results 

The  results  of  this  study  are  based  on  the  premise  that  grossly  damaged  cells 
would  be  removed  from  the  circulating  blood  volume  by  the  reticuloendothelial  system. 
Previous  in-vitro  studies  performed  in  Phase  I  revealed  that  no  gross  biochemical 
evidence  of  red  cell  destruction  occurs  when  microwave  heating  is  performed.  The 
theory  that  more  subtle  forms  of  red  cell  damage  might  be  present,  yet  not  manifested 
biochemically,  is  thus  considered.  Removal  of  the  cells  by  the  reticuloendothelial 
system  might  therefore  represent  evidence  of  more  subtle  injury.  Figures  5-6  and  5- 
7  compare  the  half  like  decay  curves  for  red  blood  cells  labelled  with  Chromium-51. 
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Bearing  in  mind  that  this  blood  has  been  separated,  radiolabeled,  and  reconstituted, 
there  is  no  difference  in  the  half  time  survival  of  cell  associated  counts  in  the  blood 
stream  when  comparing  microwave  blood  with  controlled  blood.  Figures  5-8,  5-9 
and  5-10  demonstrate  the  half  time  survival  curves  for  Indium  labelled  platelets  in  the 
three  baboons  studied.  Again,  there  is  no  difference  in  the  disappearance  of  platelet 
associated  counts.  As  expected,  the  decay  of  platelet  activity  occurs  much  mocr 
rapidly  than  that  observed  in  the  red  cell  population.  Figures  5-11,  5-12  and  5-13, 
demonstrate  the  decay  pattern  of  the  Technetium-99m  labelled  white  blood  cells. 
There  appears  to  be  greater  variability  in  this  data,  however,  these  differences 
represent  very  small  changes  in  actual  cel!  survival,  with,  in  one  case  the  microwave 
cells  surviving  longer,  and  in  two  cases  the  controlled  cells,  demonstrating  more  hardy 
survival.  These  results  need  to  be  interpreted  in  the  light  that  in  transfusions  with 
packed  red  cells,  no  white  cell  activity  is  expected  on  a  practical  basis  from  these 
transfusions.  Finally,  Figures  5-14  and  5-15  demonstrate  the  haif  time  decs' ■  of  i- 
125  labelled  fibrinogen.  The  microwave  preparation  had  a  slight  increase  in 
sustained  counts,  however,  these  difference  are  not  significant. 

The  tabular  data  for  all  these  studies  are  presented  in  the  .Appendix. 


Conclusions  to  Date; 

1)  No  significant  difference  in  survival  of  white  cells  and  platelets  in  bicod 
subjected  to  microwave  heating  to  37°C  was  obsen/ed  compared  to 
blood  heated  in  a  water  bath  for  all  three  baboons. 

2)  No  significant  differences  in  survival  of  red  cells  or  fibrinogen  in  blood 
subjected  to  microwave  heating  to  37°C  was  observed  compared  to 
blood  heated  in  a  water  bath  for  two  baboons.  Completed  results  for  the 
third  animal  will  be  available  in  the  near  future. 

3)  In-vitro  and  in-vivo  studies  to  date,  demonstrate  no  significant  hemoiysis 
of  blood  preparations  passed  through  the  microwave  prototype  device. 
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FIGURE  5-11:  WBC  Survival  -  Baboon  I 


FIGURE  5-12:  WBC  Survival  -  Baboon  II 
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FIGURE  5-13:  WBC  Survival  -  Baboon  III 
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FIGURE  5-15:  Fibrinogen  Survival  -  Baboon  II 
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6.0  SUMMARY  OF  SALIENT  RESULTS 

Engineering  Model  A  ,  successfully  completed  in  year#l,  is  a  functional  system  that  demonstrates 
that  the  microwave  heating  and  temperature  monitoring  technique  developed  by  Microwave  Medical 
Systems,  Inc.  can  be  integrated  into  a  feedback  controlled  closed-loop  system  for  rapid,  uniform  and 
controlled  fluid  warming.  Secondly,  it  has  been  shown  through  In-vivo  animal  experiments  that  the 
microwave  warming  technique  is  efficacious  and  efficient  for  in-line  warming  of  blood  during  the  infusion 
process. 


6.1  Design,  Development  and  Fabrication 
of  the  Feedback  Controlled  System 

Engineering  Model  A.  shown  in  the  Photograph  of  Figure  6-1.  has  been  successfully  completed  io 
meet  the  objectives  of  the  first  year  of  the  Phase  2  program.  This  unit  consists  of  a  feedback  control 
mechanism  implemented  using  an  IBM  PC  computer  th-at  links  together  the  microwave  energy  source  'M'r 
the  microwave  radiometric  temperature  measurement  svstem.  The  support  Hardware  and  scif.vare  that  has 
been  designed,  developed  and  implemented  to  achieve  the  closing  ot  the  feedback  loop  includes: 

(t)  Microwave  Enerov  Source  Module  to  Supply  4C0  watts  of  Microwave  Energy  at  2.45  GHz 

i2)  Heating  Chamber  that  directs  mic.''Owave  warming  energy  'o  the  fluid-filled  IV  tubing  "anridge 

(3)  Cartridge  of  !V  Tubing  that  can  be  inserted  into  the  Heating  Chamber 

(4)  Microwave  Interface  Module  that  connects  the  Microwave  Energy  Source  to  the  Heating  Chamber 

(5)  Power  Control  Module  to  vary  power  levels  of  the  Microwave  Energy  Source 

(6)  Computer  Cutout  Interface  Module  to  link  the  IBM  PC  to  the  Power  Control  Module 

(7)  Computer  Input  Interface  Module  to  link  the  IBM  PC  to  the  Radiometer  Temperature  Monitor 

(8)  Temperature  Monitoring  Transducers  to  link  the  Radiometer  to  inlet  and  outlet  fluid  ports 

(9)  Feedback  Control  Algorithm  Software  to  implement  ALGORITHM#!  on  the  IBM  PC 

( 10)  Display  Software  to  graphically  display  system  input  and  output  values  in  real-time 


The  Power  Control  Module  has  been  designed  to  vary  the  power  output  of  the  microwave  energy  source 
with  10  levels  of  control;  from  a  minimum  of  0  wafts  to  a  maximum  of  400  watts  in  increments  of  40  watts. 
Using  a  feedback  control  algorithm  implemented  in  software  on  the  IBM  PC  computer,  a  control  voltage  is 
supplied  to  the  power  control  module  from  the  IBM  PC  as  a  function  of  the  fluid  temperature  as  measured 
by  the  radiometric  temperature  monitoring  module.  Using  this  method  of  control  the  output  temperature  of 
the  fluid  flowing  through  the  system  at  a  rate  of  approximately  200  ml/min  can  be  maintained  at  a  given 
target  temperature  (e.g.,  37°C)  with  a  tolerance  of  ±1.5X  when  fluid  temperature  is  elevated  by  an 
increment  of  I’C  to  33-C(i.e.  from  a  starting  temperature  range  of  4-C  to  36-C  to  a  target  temperature  of 
37‘^C).  This  tolerance  will  be  improved  to  tl^C  in  year#2  of  the  Phase  2  program  by  providing  a  finer  level 
of  control,  i.e.,  20  levels  of  control  versus  the  existing  10  control  levels. 


A  typical  sample  of  the  output  displayed  in  real-time  on  the  graphics  screen  of  the  IBM  PC  computer  when 
Engineering  Model  A  is  in  operation  is  shown  in  Figure  6-2. 
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6.2  Efficacy  of  Heating  Blood  with  the  Microwave  Warming  Device 

•  Restatement  of  Results  from  the  Phase  I  Program 

Blood  samples  were  run  through  the  system  at  various  flow-rates.  Samples  were  run  through 
the  system  under  four  conditions: 

1 )  Control  (Unheated);  Run  through  the  system  once  with  power  off 

2)  One-Pass  Heating:  Run  through  the  system  once  with  power  on 

3)  Two-Pass  Heating;  Run  through  the  system  twice  with  power  on 

4)  Three-Pass  Heating:  Run  through  the  system  thnce  with  power  on 

For  one-oass  heating,  examination  of  the  results  of  blood  samples  showed  no  significant 
differences  in  hematologic  data  were  produced  from  that  of  the  control(unheated)  samples. 
The  biochemical  aspects  also  showed  the  absence  of  any  statistically  significant  differences 
between  the  control  and  the  one-oass  samples. 

The  only  statistically  significant  difference  fcunc  for  two-pass  and  three-oass  heatinc  was  in 
Lactic  acid  dehydrogenase(LDH).  the  absolu.e  levels  of  which  were  clinically  normal.  Changes 
recorded  here  maybe  attributable  to  increased  handling  of  the  samples  or  to  hearing  effects 
alone,  and  not  necessarily  to  any  effects  caused  by  microwave  heating. 

•  Results  from  In-vivo  Animal(baboon)  Study  Performed  during  Year#l  of  Phase  2 

The  first  in-vivo  tests  using  the  microwave  warming  technique  have  been  performed  during  m 
year#l  of  Phase  2  by  collaborators  in  the  Department  of  Surgery  at  New  England  Medical  Cents' 
using  baboons  as  the  test  subjects. 

The  tests  involved  withdrawing  a  sample  of  v/hole  fresh  biood  from  a  baboon  with  a  syringe.  This 
syringe  of  blood  was  anticoagulated,  centrifuged  and  prepared  for  radiolabeling  of  red  blood  cells, 
white  blood  cells,  platelets  and  fibrinogen.  The  labeled  blood  components  were  then  recombined 
and  then  passed  thru  the  microwave  heating  device,  as  depicted  in  Figure  2.,  to  achieve  a 
temperature  rise  of  at  least  20°C,  to  a  maximum  of  37'C.  [NOTE:  Before  being  heated  by  the 
microwave  device,  the  blood  sample  was  first  cooled  in  an  ice  bath  to  guarantee  that  the  starting 
temperature  would  be  less  than  15°C]. 

The  total  volume  of  labeled  blood  components  used  for  the  tests  was  approximately  35  ml.  This 
labeled  blood  was  mixed  with  unlabeled  whole  blood  from  ihe  baboon  to  yield  a  grand  total  volume 
of  approximately  100  ml.  This  total  volume  was  divided  into  two  50  ml  syringes  to  be  used  for 
microwave  warming.  Two  syringes  were  made  available,  to  provide  for  a  spare  sample  in  case  of  a 
mishap  in  the  experimental  procedure. 


The  blood  components  are  labeled  as  follows: 

COMPONENT  ISOTOPE  DOSE 

RBC  Chrom-51  30  pCj 

WBC  Tc-99  3.1  pCj 

Fibrinogen  Iodine-125  140  pCj 

Platelets  Indium-111  136.7  pCj 


The  blood  sample,  thus,  is  subjected  to  a  single-pass  thru  the  test  fixture  and  then  returned, 
intravenously,  to  the  donor.  A  control  preparation  is  produced  in  identical  fashion  except  that 
heating  will  occur  in  a  water  bath  to  raise  the  temperature  to  37°C.  The  viability  of  this  most  fragile 
component  of  the  blood  is  assessed  by  following  the  half  life  of  these  cells  in  the  blood  stream 
using  gamma  camera  imaging  and  the  ability  of  these  level  components  to  participate  in  plug 
formation  during  standard  bleeding  time  test. 

The  experiments  performed  included  three  microwave  warming  tests  of  blood  withdrawn  from 
baboons  and  three  control  tests  using  a  heated  water  bath  to  warm  the  blood.  The  data  suggest 
that  cellular  elements  of  the  blood  warmed  by  the  microwave  process  have  an  appropriate 
persistence  in  the  blood  stream  that  is  no  different  from  that  found  with  the  control  samples. 
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For  this  experiment  the  fluid  was  refrigerated  saline  with  a  starting  temperature  of  approx  8  C. 
The  target  temperature  was  set  to  35'^C  and  maintained  at  the  prdicted  il.5"C. 

Note  that  the  power  output  was  regulated  between  two  power  levels  of  the  10-level  control.. 

The  flow  rate  was  approximately  200  ml/min. 

The  constant  used  in  the  feedback  algorithm  was  0  000011. 
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7.0  CONCLUSIONS 

The  in-vivo  animal  test  results  have  contirmed  previously  conducted(in  Phase  l  of  this  program)  in-vitro 
test  results  that  our  technique  of  single-pass  in-line  microwave  heating  of  blood  does  not  affect  the 
constituency  of  blood  components  differently  than  samples  heated  with  conventional  water  bath 
techniques. 

Several  technical  issues  were  resolved  during  this  first  year  of  the  Phase  2  program: 

•  The  variable  power  control  technique  developed  here  is  sufficient  to  hold  outlet  temperatures 
to  a  target  temperature  within  ±  l  .5-C  at  a  typical  flow  rate  of  200  ml/min.  Further  development 
in  year#2  will  achieve  finer  control,  in  the  order  of  ±T"C. 

•  The  microwave  power  module  of  400  watts  used  in  Engineering  Model  A  is  sufficient  :o 
elevate  the  temperature  ot  flowing  -'luids  by  a  JiT  =  33'’C  (e.g.  from  a  'C  to  37  0  at  flew  .'ates  of 
upto  150  ml/min.  Increase  m  power  output  will  allow  equivalent  elevations;  '.T  =  33  C,  in  rluic 
temperature  at  corresponcingly  higher  flov/  rates. 

•  Radiometric  temperature  monitoring  at  the  inlet  and  outlet  ports  of  the  heating  chancer  is 
possible  without  inte.dere.nce  from  t.he  microwave  energy  source. 

•  Radiometric  temperature  monitoring  has  a  response  time  tha*  is  sufficient  o  respcnc  'c  ’ne 
rapid  change  of  temperature  provided  by  the  microwave  power  source. 


All  but  one  of  the  major  technical  issues  addressed  in  the  first  year  of  this  Phase  2  pronram  .•.  e'e 
successfully.  The  one  remaining  technical  issue  from  year#1  to  be  carried  ever  to  yearF2  s. 
Measurement  of  fluid  temperature  internal  to  the  Heating  Chamber.  This  issue  will  be  addressed  .n  the 
second  year  of  the  Phase  2  program  as  discussed  in  Section  4.1  of  this  report. 
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8.0  RECOMMENDATIONS 

Based  on  the  performance  of  Engineering  Model  A  developed  during  year#l  of  this  program  the 
following  recommendations  are  being  made  tor  work  to  continue  in  year#2: 

•  The  variable  power  control  technique  developed  in  year#l  will  be  refined  to  provide  a  tiner 
control  of  the  fluid  outlet  temperature.  In  Engineering  Model  A  the  goal  wiil  be  to  hold  the 
fluid  outlet  temperature  at  a  given  target  temperature  within  a  range  of  ±  1 .0=C. 

•  Engineering  Model  B  is  targeted  to  provide  the  following  minimal  fluid  warming  capabilities: 
The  elevation  of  refrigerated  fluid  at  4^C  or  higher  to  a  target  temiperature  of  37'C  or  lower  at 
flow  rates  of  250  ml/min  or  less. 

In  order  to  accomplish  this  capability,  the  microwave  power  module  of  4C0  watts  used  :n 
Engineering  Model  A  will  be  replaced  with  a  700  watt  power  mccule  in  Engineering  Mods!  5. 

•  A  technique  using  the  monitoring  of  reflected  power  from  me  heating  chamber  ze 
investigated  as  an  alternative  method  of  determining  the  fluic  temperature  miernal  :c  :ns 
Heating  Chamber. 

•  The  insertable  canridge  is  oeing  deveiopeo  so  that  it  can  be  pac;<aged  in  the  future  as  a  m  'nie 
disposable. 

•  The  packaging  of  Engineering  Model  3  will  be  oriented  toward  attaching  the  f.  3m 
components  to  an  IV  stand  similar  to  that  shown  in  Figure  6-1 

•  Additional  meetings  between  MMS  and  US  Army  personnel  during  :he  second  /sa  cf 
development  would  be  helpful  in  estabiishing  further  guidelines  for  system  deveiopmem  to 
address  the  needs  of  the  US  Army. 
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APPENDIX 


Tabulation  of  In-Vivo  Test  Results 
for  Survival  Study  of  Microwave  Heated  Blood 
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15 

63.9 

60.1 

43 

43.5 

87 . 4 

63 . 4 

20 

76.4 

55.3 

46.6 

42.1 

S'*. 9 

71.7 

30 

59.8 

45.9 

50.3 

37 . 3 

3  0.3 
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40 

57.7 

45.4 

52.9 

43.5 

7  7.6 

7  0.5 

50 

53.9 

44 . 9 

52.6 

42.6 

34 . 6 

69 . 5 

60 

51.4 

44.9 

52.2 

40 . 6 

35.3 

6  6.1 

90 

49 . 1 

46.9 

53.3 

44 . 5 

30.1 

71.5 

120 

46 . 1 

44 

54 . 8 

41 . 3 

35.4 

71.7 

180 

44 . 4 

40.6 

54.2 

39.9 

SO 

6  5.6 

240 

42.3 

42.4 

34 . 1 

40.4 

75.9 

6  5 . 5 

300 

1440 

37.6 

24.2 

28.3 

53.6 

34 . 1 

40.6 

27.8 

47.7 

59.2 

^  •  o 

4320 

15.4 

17.7 

28.9 

20.8 

23.3 

19 . 8 

7200 

10.1 

9.3 

12.3 

12.8 

15.3 

2 . 7 

10080 

5.8 

7.4 

7.3 

8.5 

7.8 

6.2 

Baboon 

I 

Baboon 

II 

Baboon 

III 

UW- 

Days 

-Heat 

Control 

uW-Heat 

Control 

uW-Keat 

Control 

0 

100 

100 

100 

100 

100 

100 

0.17 

42.3 

42.4 

54.1 

40.4 

75.9 

66.5 

1 

24.2 

28.8 

34.1 

27.8 

47.7 

41.8 

3 

15.4 

17.7 

28.9 

20.8 

23.8 

19.8 

5 

10.1 

9.3 

12.3 

12.8 

15.3 

3.7 

7 

5.8 

7.4 

8.5 

7.3 

7.8 

6.2 
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Microwave  Blood  Warming  Experiments.  June-December  1989 

Tc-99m  Labeled  WBC  Survival  Results. 


Boon  I 

Boon 

II 

Boon 

III 

ME 

uW-Heat  Control 

uW-Heat 

Control 

uW-Heat 

Control 

lin) 

' 

(% 

Inj ected 

CTS  Circulating) 

0 

100 

100 

100 

100 

100 

100 

5 

53.3 

103.3 

99 

88.2 

75.7 

91.5 

10 

47.9 

87.3 

91.2 

88 . 6 

69.7 

86.1 

15 

46.7 

83.5 

88.4 

87 

74.8 

33 . 2 

20 

43.5 

38.3 

92.6 

88.3 

63.2 

79.1 

30 

45 

76.9 

93.3 

81.5 

67.7 

33.7 

40 

45.3 

79.1 

91 

83 . 1 

65 . 7 

3  3.3 

50 

46.3 

79.4 

93 

85.9 

73 

82.9 

60 

47.5 

80.5 

89.9 

84.5 

76 

34 . 1 

90 

49 

75 

94.1 

82.9 

67.9 

84 . 9 

120 

48.4 

80.1 

85.6 

76 

73 . 1 

77 . 3 

ISO 

43.9 

71.8 

82.7 

73.7 

66.5 

7  3.4 

240 

49.9 

74.3 

82.6 

74.4 

61 

77.9 

300 

47 . 6 

76.8 

73.8 

4  0.9 

1440 

27.3 

41.6 

42 

44.4 

36.9 

40.5 
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Microwave  Blood  Warming  Experiments.  June-December  1989 

1-125  Fibrinogen  Survival  Studies. 

Baboon  I  Baboon  II  Baboon  III 

TIME  uW-Heat  Control  uW-Heat  Control  uW-Heat  Control 

(min) 

(%  Injected  Counts  Circulating)  (Due  to 

0  100  100  100  100  100  finish 

5  93.5  92.7  67.1  48.9  97.3  12-13-89) 

10  87.8  67.7  48.8  31.3  95.2 

15  76  55.4  27.9  20.1  99.8 

20  70.6  45.9  20.9  16.5  94.3 

30  59.6  33.7  18.9  14.3  83.5 

40  52.8  31  20.6  17.9  86.8 

50  48.1  30.4  20.6  16.5  91.6 

60  43.3  26.6  19.6  15.9  91.6 

90  35.3  21.5  19.9  16.5  82.9 

120  28.8  20.1  16.9  14.3  86.8 

180  22.3  14.9  14.3  12.1  82.5 

240  19.9  13.6  13.3  10.7  76.6 

300  15.4  11.1  17.6  9.9  42.5 
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